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Abstract
Semi-classical non-local optics based on the hydrodynamic description of conduction elec-
trons might be an adequate tool to study complex phenomena in the emerging field of nanoplas-
monics. With the aim of confirming this idea, we obtain the local and non-local optical absorp-
tion spectra in a model nanoplasmonic device in which there are spatial gaps between the com-
ponents at nanometric and sub-nanometric scales. After a comparison against time-dependent
density functional calculations, we conclude that hydrodynamic non-local optics provides ab-
sorption spectra exhibiting qualitative agreement but not quantitative accuracy. This lack of
accuracy, which is manifest even in the limit where induced electric currents are not estab-
lished between the constituents of the device, is mainly due to the poor description of induced
electron densities.
Introduction
The resonant interaction of light with metallic nanostructures is dominated by the appearance of
surface plasmons. As a result, the induced electromagnetic (EM) near-field can be concentrated
and enhanced in regions that are much smaller than the wave length of the incident field.1–3 This
is the basis of a number of present and prospective applications, which include optical nanoanten-
nas,4 surface enhanced Raman spectroscopy,5,6 optoelectronics in hybrid devices,7 optical trap-
ping,8 and the design of broad-band light harvesting nanostructures.9 Therefore, there is a clear
need for accurate theoretical tools able to predict optical properties of complex nanoplasmonic
devices.
The main characteristics of a plasmon (frequency and lifetime) depend very sensitively on a
delicate interplay between the geometrical details and the optical properties of the nanostructure.10
Thus, time-dependent (TD) density functional theory (DFT)11 emerges as the method of choice
to perform a full quantum description of collective excitation in metals.12 Within this framework,
each electron moves independently under the action of an effective time-dependent potential which
is a functional of the electron density n(r, t). Such a functional has to account for all the many-
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body physics, including subtle non-local and memory-related effects. Fortunately, the interaction
between weak EM fields and metallic nanostructures can be fairly well described through simple
approximate functionals like the adiabatic local density approximation.12–14
However, the range of application of TD-DFT is limited by the size of the system under study.
This implies that even the smallest metallic nanostructures that can be fabricated by using modern
colloidal or nanolithographic synthesis techniques are far beyond the scope of TD-DFT. Then,
simplified tools such as non-local optics based on the hydrodynamic approximation (HDA)12,15–17
emerge as a promising way to tackle reliable analysis of realistic nanoplasmonic devices. Since
the experimental realization of nanostructures exhibiting inhomogeneities at the nanometric and
sub-nanometric scales is now possible,18–20 it is of mayor importance to carry out a critical and
painstaking assessment of the HDA. This is the objective of the present article.
The article is organized as follows: After a brief summary of the HDA, we will present a
detailed study of the optical absorption spectrum of a model metallic nanowire. This analysis
will show some of the deficiencies of local and non-local optics, which will be more evident
when studying the optical response of a simple nanoplasmonic device made up by two metallic
nanowires. To illustrate the importance of a proper treatment of the equilibrium electron density
in a metal-vacuum interface, we will present some results for the so-called infinite barrier model,
where the electrons within a nanostructure are confined by an infinite potential well. The corre-
sponding conclusions will close the article.
The hydrodynamic approximation
The hydrodynamic description of the conduction electrons of a metal is given in terms of a velocity
field v(r, t) and the local electron density n(r, t) = n(r)+ δn(r, t), where δn(r, t) is the induced
density by an external source and n(r) is the electron equilibrium density, i.e. in the absence
of external fields. In customary applications of the HDA such an equilibrium density is greatly
simplified, in such a way that n(r) ' 0 outside the metal and n(r) ' n¯ inside, n¯ being the mean
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density of conduction electrons. In this case, the evolution under weak EM fields is determined by
the linearized Navier-Stokes equation (e and me are the electron charge and mass, respectively)
∂v(r, t)
∂ t
=−γv(r, t)+ e
me
E(r, t)+
β 2
n¯
∇[δn(r, t)] . (1)
Here, E is the total electric field (external plus induced), γ accounts for damping processes, and
β is a characteristic velocity of the electrons in the metal. The latter just appears in the non-local
term in the RHS of Eq. (1), i.e. the one containing the gradient of the induced density. The
hydrodynamic equation (1) together with Maxwell’s equations defines a self-consistent problem
that can be solved analytically for selected geometries and numerically by using, for instance,
finite-elements methods.12,18,21–27
The HDA dispersion relation for longitudinal bulk plasmons is ω2 = ω2P +β
2k2, where ωP =
(4pie2n¯/me)1/2 is the bulk plasma frequency.28 Therefore, the velocity β quantifies the dispersion
in the EM response. This issue becomes important when the distances between metallic objects
and/or their radii of curvature are less than a few nanometers, which is the limit where the local
optics prescription (β = 0) is expected to break down.9,18,19,29 The usual choice in non-local optics
applications is β =
√
3/5vF, where vF = (3pi2n¯)1/3h¯/me is the Fermi velocity of the conduction
electrons.28 This value of β reproduces fairly well the dispersion relation of bulk plasmons and,
therefore, is suitable for the description of those high-frequency phenomena that mainly induce
compressions/expansions of the electron fluid. Nonetheless, the nature of confined surface plas-
mons that occurs in metallic nanostructures is closer to collective displacements of the electron
fluid rather than to a longitudinal pressure wave. For this kind of phenomena it is then more ap-
propriate to derive the non-local dispersion term by considering the variation of the electron gas
energy under quasi-static perturbations.30 The expression for β should be instead16,17
β =
[
1
3
v2F+
n¯
me
∂ 2eXC(n¯)
∂ n¯2
]1/2
, (2)
eXC(n¯) being the exchange-correlation energy per volume of a homogeneous electron gas of den-
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sity n¯. Under this perspective, the HDA can be seen as an orbital-free and quasi-static approxi-
mation to TD-DFT but still accounting by construction for some important quantum effects, like
Pauli’s exclusion principle. However, the HDA neglects the existence of electron-hole excitations
and the quantum nature of a plasmon (which is nothing but a set of coherent electron-hole excita-
tions) is oversimplified.
As mentioned, typical applications of local and non-local optics neither consider the ionic
structure of the metals nor the electron density spill-out at the metal-vacuum interface. The former
is a legitimate approximation for clean simple sp metals interfaces, and the so-called jellium model
can be safely used even under the quantum description of the collective response of the electrons.31
Moreover, the screening due to d -electrons in noble metals32,33 and/or the presence of dielectric
overlayers34 can be easily incorporated into the jellium model without sacrificing its simplicity.
On the contrary, a proper treatment of the electron density spill-out is mandatory for a detailed
understanding of the collective excitations at metal surfaces.31
Optical spectrum of a single sodium nanowire
To critically assess the capabilities of the semi-classical HDA and identify its limits, let us start
with a simple test case: a jellium sodium nanowire of circular section. This metallic cylinder is
irradiated by light whose propagation direction and E-field polarization lie on the plane perpen-
dicular to the direction Z of the nanowire axis. As a consequence, the system behaves as a two-
dimensional one in the linear response limit. We have chosen a radius R = 2 nm, which is large
enough to accommodate collective excitations. It must be noted that the application of the HDA
to narrower structures makes no sense since single electron-hole optical transitions cannot merge
into well-defined plasmon peaks.35 For sodium we have that n¯= 25.173 nm−3 and ωP = 5.891 eV,
whereas β = 0.31× 106 m/s (note that the customary value of the β -velocity, √3/5vF, is equal
to 0.82×106 m/s). Finally, since damping processes in this system are mainly due to the scatter-
ing of moving electrons by the barrier potential at the cylinder surface, γ must be of the order of
5
h¯vF/R∼ 0.3 eV.36
The sets of differential equations for classical local and semi-classical non-local HDA optics
are solved numerically using the finite element COMSOL package37 following the prescription
by Raza et al25,38 and Hiremath et al.39 Unlike it was done in some previous applications of the
HDA to nanowires,22,23 such an implementation does not neglect the transverse component of the
induced electric field. It is known that this simplification enforces the definition of additional but
artificial boundary conditions to obtain a unique solution of the HDA problem, which results in the
appearance of spurious resonances in the absorption spectrum.25 Regarding the quantum simula-
tions, we use the Octopus package in which the TD-DFT equations are solved in real space and
time domains.40–42 We have implemented the translational symmetry of the nanowires in Octopus
for both static (ground state) and time-dependent calculations by imposing periodic Born-von Kár-
mán boundary conditions on the Z direction (no supercell is defined on the XY plane since Octopus
is a real-space code).
The main results for the single nanowire are presented in Figure 1. The TD-DFT absorption
spectrum is dominated by a main confined surface plasmon at ω = 4.09 eV, which is slightly red-
shifted with respect to the classical value ωSP = ωP/
√
2 = 4.17 eV. This feature is well-known in
metallic nanoparticles43,44 and arises because the induced density moves outside the geometrical
boundaries of the object, thus slowing the oscillation of the collective mode. However, upon in-
spection of the externally driven induced electron density (see the panel (b) of Figure 1), one can
realize that this resonance is not a pure surface mode as it also contains a distinctive contribution
from the center of the nanowire. Hence, the main peak is actually the superposition of a surface
plasmon plus a collective dipole excitation localized around the center of the nanowire. These
modes, coined as quantum core (QC) plasmons, have been recently predicted by TD-DFT calcula-
tions of the absorption spectra of metallic nanospheres.44 Since this spectral feature is related to a
strong quantum confinement, we expect to observe such modes in metallic nanowires.
With the aim of confirming this idea, in Figure 2 we report the TD-DFT induced density of an
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Figure 1: (a) Normalized absorption cross section per unit length, σabs, for a jellium sodium
nanowire of radius R = 2 nm. Solid line with filled area: TD-DFT; solid line: HDA (β =
0.31× 106 m/s, γ = 0.38 eV); dashed line: local optics (γ = 0.38 eV ); dotted line: HDA
(β = 0.82× 106 m/s, γ = 0.03 eV). The inset shows in logarithmic scale the behavior of the
optical absorption in the region around the bulk plasmon frequency (ωP = 5.89 eV). (b) Snapshot
of the TD-DFT driven induced density (in arbitrary units) by a short “sinusoidal” electromagnetic
pulse (see Supporting Information) of frequency ω = 4.09 eV at t = 7.25T (T is the period of
the incident field) (c) Same than panel (b) but for an external field of frequency ω = 4.60 eV at
t = 6.25T .
isolated nanowire of radius 2 nm driven by the electromagnetic external perturbation
E(r, t) =−E0 cos(ωt)ux

t/t1 0≤ t < t1
1 t1 ≤ t < t2
(t f in− t)/(t f in− t2) t2 ≤ t < t f in
(3)
where t1 = t2− t1 = t f in− t2 = 26.34 fs. The shape of the pulse has been chosen to mimic the
adiabatic onset of an almost plane wave of angular frequency ω = 4.1 eV (T = 2pi/ω ≈ 1 fs), i.e.,
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Figure 2: TD-DFT induced density (in arbitrary units) along the transverse axis, i.e., parallel to the
incident electric field, of an isolated nanowire. The density response is driven by a “trapezoidal”
pulse (see text) and the time is measured in number of cycles (the period of the incident field is
T ≈ 1 fs). Note that the reported evolution is restricted to the central interval of the external pulse.
The signature of the QC plasmon clearly appears at t ≈ 35T .
the resonant frequency of the main surface plasmon of the nanowire. Also note that this pulse is
much longer than the one used to evaluate the TD-DFT induced densities depicted in Figure 1.
The QC plasmon clearly appears after 35 fs as a dipole-like oscillation localized at the center of
the nanowire.
A second weaker spectral feature appears in the TD-DFT spectrum around ω = 4.6 eV and a
snapshot of the corresponding driven induced density is displayed in the panel (c) of Figure 1. This
is another surface excitation that may be identified as a Bennet multipole surface plasmon.45 This
mode is intimately related to the electron spill-out at the edge of the nanostructure and its charge
distribution along the direction perpendicular to the surface has a predominant dipole shape (the
corresponding distribution of the standard surface plasmon is mainly monopole). Nevertheless,
that monopole or dipole character is partially lost for driven modes like the ones depicted in Figure
1, and it only applies rigorously to the eigenmodes of the inverse dielectric function at complex
resonant frequencies.46
There are some other tiny structures that can be attributed to individual electron-hole excitations
or to less intense QC plasmons. Finally, as it is shown in the inset of Figure 1, a series of extremely
weak but well-defined excitations appears above the bulk plasma frequency ωP. These are Landau
damped confined longitudinal bulk plasmons, whose existence in metallic nanowires was firstly
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conjectured by Ruppin,21 and detected experimentally in thin metal films several decades ago.47
Let us now analyze the results given by local optics and the semi-classical HDA. As it is very
well known, the local-optics absorption spectrum consists in a single peak centered at ωSP without
further spectral features. This resonance is slightly blue-shifted to ω = 4.21 eV when non-local
effects are included via the HDA. The width of these peaks depend on the value of γ . By choosing
γ = 0.38 eV, we see that the overall shape of both local and HDA resonances are in good agreement
with the TD-DFT one. Note that this value is fully consistent with our initial guess γ ∼ 0.3 eV. We
must emphasize that the slightly better performance of local optics is simply due to a cancellation
of errors. Namely, local optics neglects the equilibrium density spill-out (which leads to a red-shift
of the main plasmon peak with respect to the value ωSP) and non-local response features (whose
inclusion is reflected, as we have just mentioned, by a blue-shift of the main absorption peak). The
HDA corrects the latter deficiency, but not the former.
On the other hand, Bennet multipole plasmon neither appears in the local nor in the HDA
spectra also due to the absence of spill-out for the electrons. Finally, in the HDA spectrum, the use
of a relatively large damping prevents from the appearance of the series of confined bulk plasmons
above ωP. However, the HDA reproduces fairly well the positions of such resonances but using
β = 0.82× 106 m/s and γ = 0.03 eV, that is, the values amenable for describing longitudinal
bulk density waves. Note that these modes also appear if β = 0.31× 106 m/s, although slightly
blue-shifted. In any case, these subsidiary resonances do not play any role in actual plasmonic
devices. Besides, the surface plasmon frequency corresponding to β = 0.82×106 m/s is too large
(ω = 4.31 eV), as it can be observed in Figure 1. Hence we will take hereafter γ = 0.38 eV and
β = 0.31×106 m/s as HDA parameters.
Nanowire dimers
A much more stringent playground for non-local optics is a plasmonic nanostructure made up
by two parallel sodium nanowires. The one-dimensional extension of this system enhances the
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Figure 3: Waterfall representation of the normalized absorption cross section per unit length for a
sodium nanowire dimer versus the distance d. (a) TD-DFT. (b) HDA (solid lines) and local optics
(dashed lines).
short-range electrostatic coupling between nanowires, which is maximum when the electric field
is directed along the dimer axis, X . Therefore, this is a harder test for the HDA than nanoparti-
cle dimers, whose classical and quantum responses have been extensively investigated in the last
years.]2,20,26,48–51 We will then concentrate on the response against an electric field parallel to the
dimer axis, whereas the analysis for polarized light in the perpendicular direction, Y , will be briefly
discussed in the subsequent section.
The TD-DFT absorption spectra versus the spatial gap d between cylinders is presented in panel
(a) of Figure 3. In fair correspondence with the quantum response of nanosphere dimers,49–51 we
can distinguish three regimes. At large distances (d ≥ 1.5 nm), the main plasmon peak red-shifts
and broadens when decreasing the separation between the nanowires. At intermediate distances
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Figure 4: Numerical decomposition of the TD-DFT absorption spectrum of two nanowires of
radius 2 nm, separated by a distance of 0.5 nm. The contributions from the quadrupole (Q) and
QC plasmons are indicated, as along with the Bennet multipole (M) plasmon.
(0.5 nm≤ d < 1.5 nm) this peak splits in two. Finally, at short distances (d < 0.5 nm) the absorp-
tion spectra changes drastically due to the possibility of charge transfer between the nanowires:
the lower energy mode suddenly vanishes and new spectral features emerge.
The main behavior at long and intermediate distances is the result of a hybridization of the
surface modes of the two nanowires,52 in such a way that the lower [higher] energy resonance
corresponds to a mode with overall dipole (D) [quadrupole (Q)] character. Bennet surface modes
(M) are not affected by this hybridization, which explains the presence of the resonance at ω =
4.6 eV for all the geometries here considered. Interestingly, the quadrupole resonance seems to
be more intense than the dipole one at intermediate distances, which is the opposite trend that the
hybridization model predicts and that has been indeed calculated for nanosphere dimers.49–51
We attribute this distinct behavior to the mixed character of the surface plasmon of a single
cylinder. The hybridization between QC plasmons is very weak since they are concentrated deeply
into the nanowires, and when they approach to each other the D and Q surface resonances red-
shift but not the QC plasmons. As a consequence, the QC plasmons can be now identified in
the absorption spectra (indicated by arrows in Figure 3) while still contributing to the weight of
the Q peaks. This feature is illustrated in in Figure 4, where we show the numerical (Gaussian)
decomposition of the main TD-DFT absorption peak of two nanowires at intermediate distance
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Figure 5: TD-DFT induced density (in arbitrary units) along the transverse axis, X , of a nanowire
dimer (d = 0.5 eV). The density response is driven by a “trapezoidal” pulse of frequency ω =
4.02 eV (the corresponding period is T = 1.03 fs). The extension of the jellium background is
sketched in the right part of the figure.
(d = 0.5 nm). In this case, the superposition of the quadrupole (Q) and QC plasmon lines is
still substantial, but not complete. Indeed, the Q mode appears at ω = 3.75 eV whereas the QC
plasmon resonant frequency is ω = 4.02 eV. Hence, the QC plasmon is unveiled in the spectrum
while keeping an enhancement of the response for ω ≈ 3.8 eV. The presence of the QC plasmon is
also evident when observing the induced density driven by the perturbation (3) with ω = 4.02 eV.
In Figure 5 we display such induced density along the dimer axis, X . The QC plasmon is fully
developed at t ' 35 fs, although there is a clear signature just after the adiabatic switching of the
external field at t ' 26 fs. On the contrary, the near Q mode is not well defined since there is no
induced density in the nanowire junction (a signature of such a mode, as we will see later on).
Although not the main point of this article, these results supports the idea44 that the QC plasmon
can strongly effect the linear spectra of metallic nanostructures, even for extend geometries, e.g.,
nanowires.
Local optics and the HDA accounts qualitatively well for the hybridization process (see the
right panel of Figure 3). At large distances, the overall small blue-shift in the spectra is just the
concomitant consequence of the lack of electron density spill-out in each nanowire. However,
at intermediate distances the quantitative discrepancies are more serious. First of all, since these
orbital-free prescriptions are not able to describe QC plasmons, the Q peak is always less intense
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Figure 6: (a) Optical absorption spectrum of a sodium nanowire dimer (R = 2 nm, d = 0.5 nm).
Solid line with filled area: TD-DFT; solid line: HDA (β = 0.31× 106 m/s); dashed line: local
optics; dotted line: HDA (β = 0.82× 106 m/s). The local-optics and HDA calculations have
been performed with a damping frequency γ = 0.38 eV. (b,c) TD-DFT (snapshot at t = 6.25T )
and HDA driven densities (in arbitrary units) corresponding to the hybridized dipole plasmon (D)
and the quadrupole one (Q), respectively. The induced densities given by the local approach are
singular since they are purely surface densities and, consequently, are not presented.
than the D one. Second, although the local-optics spectrum remains closer to the TD-DFT one, it
overestimates the hybridization (a third hybridized mode begins to emerge at d = 0.5 nm). Finally,
the HDA performance is apparently poorer than the local-optics one. This is an unexpected result
since this is precisely the limit where the HDA should supersede the standard local-optics approach.
All these features are shown in Figure 6, where we have also included the HDA spectrum using
β =
√
3/5vF. As we may see, this choice worsens the accuracy of the HDA even more.
As anticipated in the previous section, the ultimate reason of the quantitative failure of the HDA
is the inaccurate description of the induced densities that appear on each cylinder surface. As it
may be observed in panels (b) and (c) of Figure 6, the TD-DFT induced density spreads into the
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vacuum in such a way that the effective location of the surface is outside the jellium background
edge. On the contrary, albeit showing the right dipole or quadrupole symmetry, the HDA induced
densities remain within the limits of the jellium background due to the use of a stepped ground-state
density profile: the effective location of the surface is inside the jellium edge. Finally, the induced
densities under the local approximation are strictly confined on the jellium edge, which is then
the effective surface. As a consequence, the HDA underestimates the interaction between induced
densities and the hybridization itself, but the underestimate is less severe when using local optics.
However, the latter is achieved thanks to an unphysical description of the induced density. Note
that a direct comparison between HDA and local optics spectra serves to estimate the importance
of non-locality in the response to the external EM field. Hence, we conclude that in the limit of
nanometric and sub-nanometric spatial gaps, the inhomogeneity of the density profile at a surface
can be more important than the non-locality of that EM response. Finally, the relative penetration
of the electron density into the gap between the nanostructures depends primarily on the distance
d, but not on the size of the nanostructures. As a consequence, the discrepancies between HDA
and TD-DFT findings are also expected to appear for larger plasmonic nanostructures with sub-
nanometric gaps.
A technological interest behind the development of plasmonic nanostructures is the concen-
tration of the electromagnetic field in spacial regions smaller than the wave length of the incident
radiation. Therefore, although the study of the induced densities and the absorption spectra is
already suitable to assess the quality of the local and non-local optics prescriptions, the analysis
of the near-field electric response is appealing for practical plasmonic applications. In the dimer
case, due to the resonant interaction between the nanowires, the electric field should exhibit a pro-
nounced enhancement in the near-field as long as the overlap between the electron densities of the
two wires is negligible.
Focusing on the case of d = 0.5 nm (see Figure 7), for the dipole hybridized mode (D) a sub-
stantial electric field enhancement is observed in the gap region by means of all the three methods
considered in this article. However, TD-DFT predicts an electric field enhancement in a region
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Figure 7: Electric field enhancement |Etot(r)|/|Ein| corresponding to the dipole (D) and quadrupole
(Q) hybridized modes of a sodium nanowire dimer (d = 0.5 eV). Top panels: local optics; middle
panels: HDA; lower panels: TD-DFT. The induced fields have been evaluated at the resonant
frequencies indicated in the panels.
which is slightly narrower than the one predicted by both the local and HDA prescriptions. On the
other hand, the TD-DFT enhancement is maximum just in the center of the gap, whereas the HDA
and local optics predict that such maximum is reached on the surface of the metallic nanostruc-
tures. These discrepancies can be easily interpreted as a consequence of the proper treatment of
the electron density spill-out in the TD-DFT and are consistent with the recent results of Zuloaga
and co-workers about the field enhancement of jellium nanosphere dimers.49 However, the situa-
tion is completely different when the electric field induced by the quadrupole hybridized mode (Q)
is considered. First of all, there are already substantial differences between the local and the hy-
drodynamic approaches. However, none of these approximations is able to reproduce the electric
field enhancement given by the TD-DFT benchmark calculation. In particular, the intensity of the
TD-DFT induced field reaches its maximum in the surface region next to the gap – not in the gap
itself – while it is non-negligible in a broad region around the whole nanostructure. On the other
hand, this lack of agreement for the Q mode looks less surprising bearing in mind the quantitative
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differences between the HDA and TD-DFT induced electron densities discussed above.
Finally, let us discuss the short-distance limit (d < 0.5 nm). In this regime the ground-state
density profiles of the nanowires overlap and they cannot be considered as individual entities any-
more. Consequently, the incident light can induce an electric current across the dimer junction,
which changes the response substantially. As it is shown in Figure 3, the dipole plasmon dramati-
cally loses spectral weight and actually vanishes for d < 0.3 nm, the frequency of the quadrupole
mode remains practically constant, and two new modes (charge transfer plasmons) appear.48,50,51
It is worth noting that the first of these resonances, C1, is more intense than its counterpart in
nanosphere dimers. Obviously, the reason is that the relative extension of the density superposition
is now larger than in nanoparticle dimers. On the other hand, the transfer of spectral weight from
the hybridized quadrupole plasmon to the second charge transfer plasmon, C2, is partially hidden
by the ubiquitous presence of the QC plasmon at ω ' 4.0 eV.
Local and HDA optics in the present implementation are not expected to be accurate at all in
this regime. Any resemblance between their spectra and the TD-DFT one is merely coincidental,
since the physical mechanisms that lead to the resonances are completely different in each case. For
instance: the attenuation of the hybridized dipole plasmon predicted by local-optics is an artifact of
the local approach itself;27 and the peak that appears at 2.46 eV in the HDA absorption spectrum
for touching geometry has nothing to do with the TD-DFT resonance at 2.39 eV: the latter is a
charge transfer mode while the former is a hybridized dipole plasmon (see Figure 3).
The importance of charge-transfer processes in the excitation spectra of nanoparticle dimers is
well recognized and can be measured experimentally.20 Keeping the simplicity of classical local
and semi-classical non-local optics, such processes can be modeled either by including a metallic
neck48 or a dielectric medium51,53 across the dimer junction. The modification of the spectrum
given by the first solution, where the width of the neck has been determined by inspection of the
DFT ground-state density, is depicted in Figure 8 for touching cylinders (d = 0). Local optics and
the HDA reproduce the main spectral features except the shoulder due to C2 mode. The overall
qualitative agreement is remarkable if one bears in mind the oversimplified description of the dimer
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Figure 8: (a) Absorption spectrum of a sodium nanowire dimer (R = 2 nm) at touching geometry.
Filled solid line: TD-DFT; thick solid and dashed lines: HDA and local optics, respectively, with
a geometry accounting for charge transfer; thin solid and dashed lines: HDA and local optics,
respectively, with a singular contact between the nanowires. (b,c) Driven induced densities (in
arbitrary units) corresponding to the first charge transfer plasmon (C1) and the bonding quadrupole
plasmon (Q), respectively, under the TD-DFT and HDA prescriptions.
bonding. Nevertheless, we found that the intensity and position of the charge transfer plasmon in
this model depend quite sensitively on the width and shape of the metallic neck.
The E-field polarization perpendicular to the dimer axis
For the sake of completeness, we depict in Figure 9 the optical absorption spectra of nanowire
dimers corresponding to an incident electric field polarized along the direction perpendicular to
the dimer axis. In this case, the discrepancies between the TD-DFT and the semi-classical hydro-
dynamic approximation (HDA) are not as serious as the ones arising when the E-field is parallel
to the dimer axis. Moreover, the HDA correction to the local optics results is less evident.
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As it can be seen in the left panel of Figure 9, the dominant mechanism here is the hybridization
of the surface modes of the two nanowires.52 At large distances (d ≥ 1.5 nm), the main surface
plasmon peak slightly blue-shifts and broadens when the distance between the nanowires is de-
creased (note that the small peak at ω ≈ 4.6 eV for d = 1.5 nm has a strong contribution from the
Bennet multipole surface plasmons at each nanowire). For shorter distances, the main peak splits
in two: a well-defined resonance appears at ω ≈ 4.3 eV, whereas the original peak blue-shifts and
loses spectral weight very quickly. That new resonance and the QC plasmon atω ≈ 4.0 eV partially
overlap. Finally, in the regime where there is a covalent bond between the nanowires (d ≤ 0.35
nm), a weak spectral feature emerges at ω ≈ 4.9 eV. However, since the external electric field is
perpendicular to the dimer axis, there is not charge transfer between the nanowires. The HDA and
local optics prescriptions describe this process rather well. In fact, the main discrepancies are the
absence of QC and Bennet plasmons, and to a lesser extent, the overestimated spectral transfer
between hybridized modes at intermediate distances.
The infinite barrier model
To illustrate the relevance of the equilibrium density profile n(r), we have performed some TD-
DFT calculations imposing an external potential which strictly confines the electronic density
within the geometrical limits of the jellium background. This is the so-called infinite barrier model
(IBM).
The effect of this rather unphysical constraint can be observed by comparing the absorption
cross sections of an isolated nanowire obtained by the TD-DFT/IBM approximation against differ-
ent numerical approaches, as shown in Figure 10. First of all, the whole TD-DFT/IBM absorption
spectrum is dramatically blue-shifted — the main surface plasmon resonance occurs at ω ∼ 4.45
eV — since the conduction electrons are over-confined by the IBM. In particular, the TD-DFT/IBM
electron density (not shown) is identically zero outside the background region, but it does not show
a sharp edge as the HDA equilibrium density does. Indeed, the TD-DFT/IBM electronic density
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Figure 9: Waterfall representation of the normalized (by four times the nanowire radius, R) absorp-
tion cross section per unit length for nanowire dimers when the E-field polarization is perpendicular
to the dimer axis (see inset). (a) TD-DFT. (b) HDA (solid lines) and local optics (dashed lines).
quickly, yet smoothly, goes to zero across a finite region close to surface. This behavior gives a
confinement effectively stronger than for the HDA and then a larger blue-shift in the absorption
cross section. Therefore it is not surprising that the main peak of the HDA spectrum lies between
the main peak of benchmark TD-DFT calculation (built upon an electron density that spills out the
jellium edge) and the main peak of the TD-DFT/IBM one (built upon an electron density effec-
tively over-confined).
A second interesting feature appearing in Figure 10 is the absence of the multipole Bennet plas-
mon in the TD-DFT/IBM spectrum. This result can be easily interpreted in terms of the increased
stiffness of the electron density within the TD-DFT/IBM approximation.31 Finally, although not
presented in Figure 10, the longitudinal confined bulk plasmons can be still observed in the TD-
DFT/IBM spectrum. This spectral feature is expected since the over-confinement acts in a finite
region very close to the jellium surface, while the bulk electron density remains unchanged.
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Figure 10: Normalized absorption cross section per unit length, σabs, for a jellium sodium nanowire
of radius R = 2 nm. Solid line with filled area: standard TD-DFT; solid line: HDA (β = 0.31×
106 m/s, γ = 0.38 eV); dashed line: local optics (γ = 0.38 eV ); dots: TD-DFT but using the
infinite barrier model to describe the confinement of the electrons.
Taking into account the results for a single nanowire, it is fairly easy to interpret the absorption
spectrum of a nanowire dimers within the TD-DFT/IBM approximation. Apart from an overall
blue-shift of the whole spectrum due to the over-confinement, the plasmon hybridization process
will be less efficient owing to the absence of the electron density spill-out. Indeed, in Figure 11 —
in which we present the absorption spectrum for a nanowire dimer (d = 0.5 nm) — one can observe
that the heights and positions of the two HDA main peaks are between the corresponding values
of the TD-DFT and TD-DFT/IBM approximations. This final result further supports the main
conclusions of the article, i.e., the extreme sensitivity to the equilibrium electronic density profile of
the plasmonic response of metallic nanostructure showing nanometric and sub-nanometric features
such as dielectric gaps.
Conclusions
Albeit the merits of the HDA analysis of some nanoplasmonic experiments cannot be disregarded,18,19
our work seeds serious doubts about the overall accuracy of standard HDA. This lack of accuracy
has been demonstrated for sodium nanowires whose separation is of the order of the electron spill-
out, i.e., even when the conduction contact between the wires is not reached yet. Being the electron
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Figure 11: Optical absorption spectrum of a sodium nanowire dimer (R = 2 nm, d = 0.5 nm).
Solid line with filled area: standard TD-DFT; solid line: HDA (β = 0.31×106 m/s, γ = 0.38 eV);
dashed line: local optics (γ = 0.38 eV ); dots: TD-DFT but using the infinite barrier model to
describe the confinement of the electrons.
spill-out a feature of all metallic surfaces, we also expect a similar lack of accuracy of standard
HDA when applied to noble metals. In each case, all the length scales must be rescaled according
to the spill-out of the metal under consideration and some correction to the bare jellium model can
be applied.32–34 For larger objects, it is very likely that QC plasmons will have a minor impact
in the optical spectrum. However, we expect that the details of the interaction between induced
densities around nanometric gaps will be crucial regardless the size of the components. Since the
distribution of the induced density and the corresponding E-field enhancement depend very much
on the details of the equilibrium density,54 this must be accounted for in future implementations
of the HDA. In addition, as we have clearly shown in this article, both the non-local response and
the equilibrium density spill-out must be treated on the same footing to obtain accurate numerical
predictions. However, the straightforward inclusion of inhomogeneous density profiles into the
HDA is not entirely robust and has some fundamental problems.55 Henceforth, non-trivial modifi-
cations of the HDA and/or divide-and-conquer strategies which combine non-local semi-classical
optics and TD-DFT methods are still needed in the emerging field of quantum nanoplasmonics.
The latter will also pave the way for an atomistic description of metal interfaces of nanoplasmonic
devices. Work along these lines are in the horizon.
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